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WHERE DO WE 	


GO FROM HERE?



WHERE DO WE 	


GO FROM HERE?



IT’S DIFFICULT TO SAY…
• Depending on the physics question you want to 

answer you may try to go with different strategies 
for finding new physics, e.g. total Higgs width 
versus finding new states	



• Generically bigger is better!



THE PROBLEM WITH THE 
BIGGER IS BETTER STRATEGY…

When is bigger big enough???

Naturalness, Dark Matter, 
Stability of our Universe 

point to what scale?
Are there questions that can definitively be wrapped up?

Are there unambiguous physics questions that can be 

answered with a BIG collider?



WE WANT A PROBLEM UNAMBIGUOUSLY 
TIED TO A “LOW” SCALE AND WITH 

SIGNIFICANT IMPLICATIONS



WE WANT A PROBLEM UNAMBIGUOUSLY 
TIED TO A “LOW” SCALE AND WITH 

SIGNIFICANT IMPLICATIONS
* And not just buzz 

words attached to things 
like CP violation in 

neutrinos implying it has 
anything to do with the 

Matter-Antimatter 
asymmetry observed



OR ANOTHER WAY OF SAYING IT…

The time to solve the 
problem	


is now



WE WANT A PROBLEM UNAMBIGUOUSLY 
TIED TO A “LOW” SCALE AND WITH 

SIGNIFICANT IMPLICATIONS

ELECTROWEAK 
BARYOGENESIS



BARYOGENESIS

• Many ideas out there	



• Leptogenesis	



• Affleck-Dine	



• Tying Dark Matter and Baryon Asymmetry	



• GUT Baryogenesis	



• Electroweak Baryogenesis… Could have been the easiest 
option, and still may be true! Can we make sharp 
statements?
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Baryogenesis and Leptogenesis

Mark Trodden
Department of Physics, Syracuse University, Syracuse, NY 13244-1130, USA.

The energy budget of the universe contains two components, dark matter and dark energy, about

which we have much to learn. One should not forget, however, that the baryonic component presents

its own questions for particle cosmology. In the context of cosmology, baryons would have anni-

hilated with their antiparticles in the early universe, leaving a negligible abundance of baryons, in

disagreement with that observed. In this general lecture, delivered at the SLAC 2004 Summer Sci-

ence Institute, I provide an overview of the central issue and the general principles behind candidate

models. I also briefly discuss some popular examples of models that are firmly rooted in particle

physics.

I. INTRODUCTION

The audience for this talk was extremely diverse, ranging from beginning graduate students, through experts in

subfields of physics somewhat distinct from the subject matter of my talk, to baryogenesis experts. My brief was to

present an overview of the main issues facing baryogenesis, accessible to all members of the audience. The original

talk was an hour long, and I attempted to stay true to the organizers’ requests regarding the level. In writing up

these proceedings, I have taken the opportunity to flesh out some of the topics with considerably more detail, drawing

heavily from my two review articles [1, 2].

The problem of the baryon asymmetry of the universe is a classic problem of particle cosmology. Particle physics

has taught us that matter and antimatter behave essentially identically, and indeed the interactions between matter

and antimatter are the focus of successful terrestrial experiments. On the other hand, cosmology teaches us that the

early universe was an extremely hot, and hence energetic, environment in which one would expect equal numbers

of baryons and antibaryons to be copiously produced. This early state of the universe stands in stark contrast to

what we observe in the universe today. Direct observation shows that the universe around us contains no appreciable

primordial antimatter. In addition, the theory of primordial nucleosynthesis (for a review see [3]) allows accurate

predictions of the cosmological abundances of all the light elements, H, 3He, 4He, D, B and 7Li, while requiring only

that, defining nb(b̄) to be the number density of (anti)-baryons and s to be the entropy density,

2.6 × 10−10 < η ≡
nb − nb̄

s
< 6.2 × 10−10 , (1)

(see, for example, [4]). Very recently this number has been independently determined to be η = 6.1×10−10 +0.3×10−10

−0.2×10−10

from precise measurements of the relative heights of the first two microwave background (CMB) acoustic peaks by

the WMAP satellite [5]. Alternatively we may write the range as

0.015(0.011) <∼ ΩB h2 <∼ 0.026(0.038) , (2)

where ΩB is the proportion of the critical energy density in baryons, and h parametrizes the present value of the

Hubble parameter via h = H0/(100 Km Mpc−1 sec−1).

The standard cosmological model cannot explain the observed value of η. To see this, suppose that initially we

start with η = 0. At temperatures T <∼ 1 GeV the equilibrium abundance of nucleons and antinucleons is

nb

nγ
≃

nb̄

nγ
≃
(mp

T

)3/2
e−

mp
T . (3)

As the universe cools, the number of nucleons and antinucleons decreases as long as the annihilation rate Γann ≃
nb⟨σAv⟩ is larger than the expansion rate of the universe H ≃ 1.66 g1/2

∗
T 2

mp
. The thermally averaged annihilation



ELECTROWEAK 
BARYOGENESIS

• Sakharov conditions	



• B violation (already in SM: Sphalerons)	



• CP violation (already in SM: obvious...)	



• departure from thermal equilibrium (already in SM: EW 
phase transition)
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ELECTROWEAK 
BARYOGENESIS

• Sakharov conditions	



• B violation (already in SM: Sphalerons)	



• CP violation (already in SM: obvious...)	



• departure from thermal equilibrium (already in SM: EW 
phase transition)
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Alas not enough of these in SM



HOW DOES THE SM NEED 
SUPPLEMENTED TO MAKE EWBG WORK?

SM

New sources	


of CP violation

Stronger EW	


Phase Transition



HOW DOES THE SM NEED 
SUPPLEMENTED TO MAKE EWBG WORK?

SM

New sources	


of CP violation

Stronger EW	


Phase Transition

Often times a complete model has both, e.g. the MSSM 	


What do they mean in practice?



EW PHASE TRANSITION
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Figure 1: Schematic thermal Higgs potential during a first-order phase transition. (a) At
high temperatures the thermal potential stabilizes the Higgs at the origin. (b) A local
minimum forms away from the origin at some temperature around the weak scale. (c) At
T = Tc, this minimum at � = vc is degenerate with the symmetric vacuum. (d) At some
nucleation temperature Tn somewhat below Tc, the tunneling probability within the volume
of the universe approaches one and the Higgs transitions to the symmetry-breaking vacuum
(indicated schematically with red arrow).

are mostly separate from the factors that enter the next stage of the calculation.
Calculating the amount of created baryon density ⇢B involves solving a di↵usion equation

(see, for example, [23]):

@t⇢B(x)�Dr2⇢B(x) = ��wsFws(x)[nL(x) +R⇢B(x)]. (2.1)

D is the di↵usion coe�cient for baryon number. The factor �wsFws(x) multiplying both the
source and relaxation terms is essentially the space-time varying sphelaron rate of converting
chiral asymmetry to baryon asymmetry. �ws is the sphelaron rate at zero Higgs VEV (at
the critical temperature) and is determined from lattice calculations [40]. The sphelaron
transition profile Fws(x) reflects the attenuation of that rate with nonzero Higgs VEV, and
approaches one and zero asymptotically far in front of and behind the bubble wall, respec-
tively. nL(x) is the number density of left-handed doublet fields created by CP -violating
processes in the bubble wall, and acts as a seed of baryon number. It must therefore be
nonzero around the phase boundary. R is a relaxation coe�cient representing washout.

The parameters D, �ws and R depend mostly on SM-physics. The transition profile
Fws is derived from the spatially- and time-varying profile of the Higgs VEV at the phase
transition (i.e. the moving bubble wall), which in turn is computed from the above explained
tunneling calculation. (In fact, Fws(x) ! 0 in the broken phase is due to vc/Tc >⇠ 1.) This
leaves nL(x) as the final input to be computed.

nL(x) essentially arises due to di↵erent reflection/transmission of LH and RH fermions o↵
the bubble wall. This results in a di↵usion of chiral charge ahead of the advancing bubble wall
into the symmetric phase which drives the production of baryon number [41]. Fermions with
CP -violating interactions beyond the Standard Model are required, and their parameters
are most important in calculating nL(x) and hence the produced baryon asymmetry once we
assume a strong enough electroweak phase transition.
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We need the full	


thermal potential	



to have a strong 1st order	


phase transition

h�i
Tc

⇠ 1

This translates in	


the Higgs potential to

h�i
Tc

⇠ cubic

quartic
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thermal potential	



to have a strong 1st order	


phase transition

h�i
Tc

⇠ 1

This translates in	


the Higgs potential to

h�i
Tc

⇠ cubic

quartic

Bottom line something new has to couple to the Higgs strongly!!



FACTORIZED EWBG

Out of Eq. Calculation Baryon Asymmetry Calculation

HarderStraightforward

The free energy increases quadratically with the fermion number density and the transitions
which increase nB+L are energetically disfavoured with respect to the ones that decrease
the fermion number. If these transitions are active for a long enough period of time, the
system relaxes to the state of minimum energy, i.e. nB+L = 0: any initial asymmetry in
B + L relaxes to zero.

To address this issue more quantitatively, one has to consider the ratio between the
transitions with δNCS = +1 and the ones with δNCS = −1

Γ+

Γ−
= e−∆f/T , (212)

wheer ∆f is the free energy difference between the two vacua. If we define Γsp to be the
average between Γ+ and Γ−, we may compute the rate at which the baryon number is
washed out [10]

dnB+L

dt
= Γ+ − Γ− ≃ −

13

2
NF

Γsp

T 3
nB+L. (213)

Equation (213) is crucial to discuss the fate of the baryon asymmetry generated at the GUT
scale and is called Master equation.

Let us now consider temperatures much above the electroweak phase transition, T ≫
MW . Baryon number violation processes are active at very high temperatures if the rate
207) is smaller than the expansion of the Universe

Γsp

T 3 ∼> H ⇒ T ∼< α4
W

MP

g1/2
∗

∼ 1012 GeV. (214)

If so, any preexisting asymmetry in B + L is erased exponentially with a typical time scale
τ ∼ 2NF T 3/13Γsp.

Let us now consider temperatures T ∼ MW when the electroweak phase transition is
taking place and the Higgs VEV ⟨φ(T )⟩ is not zero. Baryon number violation processes
are out-of-equilibrium if, again, the rate (202) is smaller than the expansion rate of the
Universe. This translates into the bound on Esp(T ) [10]

Esp(Tc)

Tc
∼> 45, (215)

wheer we have indicated by Tc the critical temperature at which the electroweak phase
transition is taking place. Using the relation (179) this bound may be translated into a
bound on ⟨φ(Tc)⟩

⟨φ(Tc)⟩
Tc

∼> 1. (216)

Any generation of the baryon asymmetry at the electroweak phase transition requires –
therefore – a strong enough phase transition, that is able to produce a VEV for the Higgs
field larger than the critical temperature. We will come back to this point later on.

6.5.1 A crucial point

In all the considerations leading to Eq. (213) we have been assuming that all the charges
which are conserved by the interactions of the particles in the plasma (Q, B − L, Li,

51

tunneling,	


quantum transport,	



hydrodynamics 
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Universe. This translates into the bound on Esp(T ) [10]

Esp(Tc)

Tc
∼> 45, (215)

wheer we have indicated by Tc the critical temperature at which the electroweak phase
transition is taking place. Using the relation (179) this bound may be translated into a
bound on ⟨φ(Tc)⟩

⟨φ(Tc)⟩
Tc

∼> 1. (216)

Any generation of the baryon asymmetry at the electroweak phase transition requires –
therefore – a strong enough phase transition, that is able to produce a VEV for the Higgs
field larger than the critical temperature. We will come back to this point later on.

6.5.1 A crucial point

In all the considerations leading to Eq. (213) we have been assuming that all the charges
which are conserved by the interactions of the particles in the plasma (Q, B − L, Li,
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tunneling,	


quantum transport,	



hydrodynamics 

1st order phase transition New sources of CP violation



FACTORIZED EWBG

1st order phase transition New sources of CP violation

There can be factorized ways to test this for instance in the MSSM

Higgs couplings EDMs

MSSM requires	


a light stop ~ 100 GeV



THE FACTORIZED SEARCH FOR 
EWBG HAS WORKED BEFORE…
• Factorized search doesn’t confirm EWBG but can 

disprove or provide the direction for proving! 
(important for knowing how far to go…)	



• Can we extend this basic idea of searching for 
things that modify the phase transition, and add to 
CP violation to cover all ideas of EWBG and with 
new colliders??… Maybe! (building evidence…)
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Can we test here 
with a new collider?
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Scenario…

We’d like to formulate scenarios 
and see if they can be tested



• Categorization of new physics that can contribute 
to the phase transition have been thought about, 
see for instance 1209.1819 by Liantao et al.	



• We’d like to look at a simple model for enhancing 
the phase transition that has been explored 
numerous times, but take it into a perverse limit 
that makes it extremely hard to see…

PHASE TRANSITION 
NIGHTMARE SCENARIO



SM + SINGLET
This scenario has been studied 	



numerous times for a variety of reason….

If the Singlet mixes with the Higgs you can see it easily via Higgs 
properties and has been studied quite a bit

If the Singlet DOESN’T mix but its mass is less than half the 	


Higgs mass you can see it in decays easily… 

What if the singlet doesn’t mix 
with the Higgs and is heavy?



SM + SINGLET NIGHTMARE 
SCENARIO

for discovery and will find the singlet before a 100 TeV collider is constructed. Nevertheless, the
constraints from direct detection experiments rely on additional assumptions about the hidden sector
and thermal history of the universe.

[DC: no mention of multiple scalars yet. can put in later if we pursue.]
The Nightmare Scenario is a benchmark for “maximally stealthy” EWBG. Our analysis frames

a future 100 TeV collider as a powerful discovery machine for electroweak baryogenesis, potentially
capable of completely excluding this elusive model. The ability to decisively probe such an important
mechanism for creating the baryon asymmetry of our universe provides an important motivation for
its construction.

Our paper is organized as follows. In Section 2 we define the Z
2

symmetric singlet scalar model,
and explain how to understand the different regions of the (mS ,�HS) parameter plane. Section 3
contains our analyses of the one-step and two-step phase transitions which enable EWBG in this
model. Sections 4 and 5 examine direct and indirect signatures of the singlet scalar at colliders, and
show how the discovery potential overlaps with the EWBG-favored regions of parameter space. We
consider cosmological constraints on the singlet in Section 6 and show that, under certain assumptions,
the entire parameter space can be excluded by future direct detection experiments. RG evolution and
the possibility of strong couplings are discussed in Section 7. We summarize our findings and discuss
implications in Section 8.

2 The “Nightmare Scenario” for excluding Electroweak Baryogenesis

In this section, we define the stealthy EWBG model we study in this paper, as well as the two-
dimensional parameter space that illustrates its entire phenomenology.

2.1 Model Definition

The Nightmare Scenario is defined by adding a single real singlet to the SM, with a mass larger than
mh/2 to avoid exotic higgs decays, and an unbroken Z

2

symmetry under which S ! �S to avoid
singlet-higgs mixing. Following [56–58, 60–63], the most general renormalizable tree-level higgs
potential for this scenario is

V
0

= �µ2|H|2 + �|H|4 + 1

2

µ2

SS
2

+ �HS |H|2S2

+

1

4

�SS
4. (2.1)

After substituting H = (G+, (h + iG0

)/
p
2) and focusing on the physical SM higgs field h, this

becomes
V
0

= �1

2

µ2h2 +
1

4

�h4 +
1

2

µ2

SS
2

+

1

2

�HSh
2S2

+

1

4

�SS
4. (2.2)

The higgs acquires a VEV hhi = v = µ/
p
� ⇡ 246 GeV and a mass at tree-level mh =p

2µ ⇡ 125 GeV. In Section 3 we adopt renormalization conditions to ensure that loop corrections
do not change these values from their tree-level expectation. Therefore we can define the Lagrangian
parameters � =

m2

h
2v2

⇡ 0.129 and µ =

mhp
2

⇡ 88.4 GeV.
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Figure 1. The parameter space of the Z2 symmetric SM+S extension with mS > mh/2 (the Nightmare
Scenario). Left: The red shaded region indicates when µ2 is negative. The dotted red contours indicate
Sign(µ2

S)|µS |. The blue contours show the minimum S4 quartic coupling �S required for the electroweak
symmetry breaking (EWSB) vacuum to be the ground state of the universe, while the green contours show the
minimum �S to avoid negative runaways. Right: Gray regions indicate where theoretical control is lost due to
non-perturbative �S . Perturbative analysis of the phase transition breaks down in the blue shaded regions, see
Section 3. The red and white regions are the possible parameter space of the Nightmare Scenario.

2.2 Singlet Scalar Mass-Coupling Plane

The singlet mass for h = v is given by

m2

S = µ2

S + �HSv
2 > 0 (2.3)

By definition of our scenario with hSi = 0 for h = v, we assume this to be positive. Another
important parameter is the hSS coupling, which determines singlet production and annihilation cross
sections. It is determined by �HS .1 Therefore, we will show the entire model’s phenomenology in the
(mS ,�HS) plane.

The sign of µ2

S divides the plane into two regimes with distinctly different physics. For �HS >

m2

S/v
2, µ2

S is negative. This region is shaded red in Fig. 1 (left). If all the quartics are positive, then
for positive µ2

S the only minimum is the EWSB vacuum at (h, S) = (v, 0). For negative µ2

S , there are
two local minima: the EWSB vacuum and a “singlet-VEV vacuum” at (h, S) = (0, w). A surviving
Z
2

symmetry prevents higgs-singlet mixing in both vacua.
1When discussing the effective potential at one-loop in Section 3 we choose a scheme in which the tree-level parameter

�HS corresponds to the physical hSS coupling L
e↵

� �v�HShSS.
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Figure 1. The parameter space of the Z2 symmetric SM+S extension with mS > mh/2 (the Nightmare
Scenario). Left: The red shaded region indicates when µ2 is negative. The dotted red contours indicate
Sign(µ2

S)|µS |. The blue contours show the minimum S4 quartic coupling �S required for the electroweak
symmetry breaking (EWSB) vacuum to be the ground state of the universe, while the green contours show the
minimum �S to avoid negative runaways. Right: Gray regions indicate where theoretical control is lost due to
non-perturbative �S . Perturbative analysis of the phase transition breaks down in the blue shaded regions, see
Section 3. The red and white regions are the possible parameter space of the Nightmare Scenario.

2.2 Singlet Scalar Mass-Coupling Plane

The singlet mass for h = v is given by

m2

S = µ2

S + �HSv
2 > 0 (2.3)

By definition of our scenario with hSi = 0 for h = v, we assume this to be positive. Another
important parameter is the hSS coupling, which determines singlet production and annihilation cross
sections. It is determined by �HS .1 Therefore, we will show the entire model’s phenomenology in the
(mS ,�HS) plane.

The sign of µ2

S divides the plane into two regimes with distinctly different physics. For �HS >

m2

S/v
2, µ2

S is negative. This region is shaded red in Fig. 1 (left). If all the quartics are positive, then
for positive µ2

S the only minimum is the EWSB vacuum at (h, S) = (v, 0). For negative µ2

S , there are
two local minima: the EWSB vacuum and a “singlet-VEV vacuum” at (h, S) = (0, w). A surviving
Z
2

symmetry prevents higgs-singlet mixing in both vacua.
1When discussing the effective potential at one-loop in Section 3 we choose a scheme in which the tree-level parameter

�HS corresponds to the physical hSS coupling L
e↵

� �v�HShSS.
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Figure 1. The parameter space of the Z2 symmetric SM+S extension with mS > mh/2 (the Nightmare
Scenario). Left: The red shaded region indicates when µ2 is negative. The dotted red contours indicate
Sign(µ2

S)|µS |. The blue contours show the minimum S4 quartic coupling �S required for the electroweak
symmetry breaking (EWSB) vacuum to be the ground state of the universe, while the green contours show the
minimum �S to avoid negative runaways. Right: Gray regions indicate where theoretical control is lost due to
non-perturbative �S . Perturbative analysis of the phase transition breaks down in the blue shaded regions, see
Section 3. The red and white regions are the possible parameter space of the Nightmare Scenario.

2.2 Singlet Scalar Mass-Coupling Plane

The singlet mass for h = v is given by

m2

S = µ2

S + �HSv
2 > 0 (2.3)

By definition of our scenario with hSi = 0 for h = v, we assume this to be positive. Another
important parameter is the hSS coupling, which determines singlet production and annihilation cross
sections. It is determined by �HS .1 Therefore, we will show the entire model’s phenomenology in the
(mS ,�HS) plane.

The sign of µ2

S divides the plane into two regimes with distinctly different physics. For �HS >

m2

S/v
2, µ2

S is negative. This region is shaded red in Fig. 1 (left). If all the quartics are positive, then
for positive µ2

S the only minimum is the EWSB vacuum at (h, S) = (v, 0). For negative µ2

S , there are
two local minima: the EWSB vacuum and a “singlet-VEV vacuum” at (h, S) = (0, w). A surviving
Z
2

symmetry prevents higgs-singlet mixing in both vacua.
1When discussing the effective potential at one-loop in Section 3 we choose a scheme in which the tree-level parameter

�HS corresponds to the physical hSS coupling L
e↵

� �v�HShSS.
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Figure 1. The parameter space of the Z2 symmetric SM+S extension with mS > mh/2 (our “nightmare”
scenario). Left: The red shaded region indicates when µ2 is negative. The dotted red contours indicate
Sign(µ2

S)|µS |. The blue contours show the minimum S4 quartic coupling �S required for the electroweak
symmetry breaking (EWSB) vacuum to be the ground state of the universe, while the green contours show the
minimum �S to avoid negative runaways. Right: Gray regions indicate where theoretical control is lost due to
non-perturbative �S . Perturbative analysis of the phase transition breaks down in the blue shaded regions, see
Section 3. The red and white regions are the possible parameter space of this “nightmare” scenario.

physics can be recast into the simple two-dimensional plane of the physical singlet mass and its
coupling to the Higgs. We operate under the basic assumption that we live in a vacuum in which
the higgs has a VEV but the singlet does not1, in which case the mass of the singlet, required to be
positive in our vacuum, is given by

m2

S = µ2

S + �HSv
2 > 0. (2.3)

Besides the physical mass, the other parameter which dictates the phenomenology of the singlet is
its coupling to our sector through the higgs, the hSS coupling. This coupling determines singlet
production and annihilation cross sections and is given by �HS

2. The singlet self interaction, �S , is
important when discussing regions of potential phase transitions, but does not play a direct role in the
phenomenology of this model. Thus, the relevant features of our “nightmare” scenario can be shown
in the (mS ,�HS) plane.

1This of course does not preclude a two-step phase transition where the singlet first acquires a VEV followed by a
transition to our vacuum.

2When discussing the effective potential at one-loop in Section 3 we choose a scheme in which the tree-level parameter
�HS corresponds to the physical hSS coupling L

e↵

� �v�HShSS.
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Figure 3. Regions in the (mS ,�HS) plane with viable EWBG. Red shaded region: for µ2
S < 0 it is possible to

choose �S such that EWBG proceeds via a tree-induced strong two-step electroweak phase transition. Orange
contours: value of vc/Tc for µ2

S > 0. The orange shaded region indicates vc/Tc > 0.6, where EWBG occurs
via a loop-induced strong one-step phase transition. Above the green dashed line, singlet loop corrections
generate a barrier between h = 0 and h = v even at T = 0, but results in the dark shaded region might not be
reliable, see Section 3.1.3.

gives a very similar result, with the �HS necessary for a strong PT underestimated by about 10%.
This implies that sizable zero-temperature one-loop higgs potential contributions from the singlet lift
the EWSB vacuum compared to the origin[PM: Don’t we really just mean the �V get’s smaller?],
which then makes it easier for SM thermal contributions to generate an energy barrier between the
two degenerate local minima at some T = Tc. This lifting of the EWSB minimum from singlet con-
tributions at zero temperature is illustrated in Fig. 4[PM: similar comment as compared to figure].

For very strong coupling, the one-loop effects create an energy barrier even at zero temperature.
This is the case above the dashed green line in Fig. 3. However, as we discuss in the next subsection,
our one-loop analysis may not be valid for such high coupling.

[PM: Mapping of loop level parameters to higher dim operators and correlation to Wells et
al results]

3.1.3 Reliability of Perturbative Analysis

We have found that a strong one-step electroweak phase transition requires rather large quartic singlet-
higgs couplings �HS & 2. It is prudent to examine the validity of the perturbative expansion to
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HOW DO WE SEE SUCH A 
THING?

• Directly make S	



• Indirectly probe triple Higgs coupling in di-Higgs 
production	



• Indirectly probe through Zh coupling



DIRECT PRODUCTION OF 
SINGLETS

4 Direct Signatures of the Phase Transition

Colliders can directly produce the singlet via higgs production, where the higgs decays to two singlets,
which are invisible in the minimal model. If mS < mh/2, then the intermediate higgs is on-shell and
invisible higgs decay searches [80][81][82] as well as future lepton collider measurements [73, 74]
can be used to detect the presence of the singlet. However, we are interested in the case where
mS > mh/2, which forces the higgs to be off-shell.

Off-shell higgs production via gluon fusion is not a viable discovery channel, since the invisible
signal is overwhelmed by QCD background. The two most promising modes for detecting the singlet
at a hadron collider is via off-shell higgs associated production, qq̄ ! V ⇤ ! V SS, and vector boson
fusion (VBF) qq ! V ⇤V ⇤qq ! SSqq, Fig. 6. The monojet channel may also be a promising search
avenue [83].

h

V

S

S

(a) Associated Production

h

S

S

(b) Vector Boson Fusion

Figure 6. Two production modes for producing a higgs-coupled singlet scalar at colliders. [DC: not sure if we
need this plot, since higgs production modes are very common knowledge]

Cross-sections for the different signal processes, shown in Fig. 7, are very small, making direct
searches challenging. Of all the production modes for the singlet scalar, VBF has the best discovery
potential. The dominant background for VBF singlet production (with a moderate missing energy
requirement) is Z ! ⌫⌫ + jets. The VBF production cross section of Z ! ⌫⌫ is around 1000 pb for
a 100 TeV pp collider, compared to < 10

�2 pb for VBF production of h ! SS. Despite these dis-
couraging numbers, the sensitivity one can achieve at a 100 TeV collider is very relevant for EWBG.

To see this, we consider a simple VBF analysis with the following criteria:

• pT (j1), pT (j2) > 40 GeV,

• E/T > 150 GeV,

• �⌘jj = |⌘j
1

� ⌘j
2

| > 3.5 and |⌘j
1,2 | > 1.8,

• Mjj > 800 GeV.

The only background we consider is SM VBF production of Z ! ⌫⌫. We use MadGraph5

v1.5.12 [84] evaluated with the CTEQ6l [85, 86] parton distribution functions and Pythia8 [87,
88] showering & hadronization to generate our signal events. For detector simulation, we use Delphes
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Figure 7. Production cross-sections at hadron colliders for various modes of singlet production with �HS = 2.
These calculations were computed at LO with MadGraph5 [84]
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Figure 8. Dark green contours show S/
p
B for VBF production of the SSqq signal vs the main background,

VBF production of Z ! ⌫⌫̄, for a 100 TeV pp collider with 3000 fb

�1 of data. We use VBF selection criteria
with a requirement that E/T > 150 GeV to cut down on QCD background. Shading identical to Figs. 3 and 5.
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POTENTIAL REACH…
Toy VBF study, using Snowmass backgrounds and detectors
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Figure 7. Production cross-sections at hadron colliders for various modes of singlet production with �HS = 2.
These calculations were computed at LO with MadGraph5 [84]
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Figure 8. Dark green contours show S/
p
B for VBF production of the SSqq signal vs the main background,

VBF production of Z ! ⌫⌫̄, for a 100 TeV pp collider with 3000 fb

�1 of data. We use VBF selection criteria
with a requirement that E/T > 150 GeV to cut down on QCD background. Shading identical to Figs. 3 and 5.
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TRIPLE HIGGS COUPLING 
PROBES
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Figure 9. The thin blue lines map out the contours of �3/�
SM
3 . Accuracies of 30%, 20%, and 8% can be

achieved at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC
with 2.5 ab�1 could achieve a precision of 13%. See text for details.

The precision attainable for measuring �
3

at lepton colliders is generally below that achievable
at the HL-LHC. However, a high-luminosity, high-energy ILC with

p
s = 1000 GeV and 2.5 ab�1 of

data could measure �
3

with a precision of 13% in the e+e� ! Zhh ! Z(b¯b)(WW ⇤
) mode [99].

The results of these studies imply that while it is unlikely a definitive exclusion will be achieved
at a 14 or 33 TeV collider, a 100 TeV collider could exclude the entire one-step EWPT region of
Fig. 9 (orange shaded region) with a confidence of better than 2 to 5 �, depending on mS . A high-
energy ILC could exclude most, though not all, of the one-step transition region at the 2� level. Such
measurements would also be sensitive to the two-step transition from tree-effects (red shaded region)
for �HS & 2.

5.2 Zh production cross section at Lepton colliders

The singlet can also affect higgs couplings by generating a small correction to the higgs wave function
renormalization, which modifies all higgs couplings by a potentially measurable amount. In particu-
lar, precision measurements of the Zh production cross section at lepton colliders might be another
avenue for indirect detection of such a singlet. [52]

At one loop, the fractional change in Zh production relative to the SM prediction is given by [52,
100]

��Zh =

1

2

|�HS |2v2
16⇡2m2

h

(1 + F (⌧�)) (5.2)
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Triple Higgs	


probes are	


extremely 	



important!!!!	


!

We must get 	


these estimates 

correct and double 
checked for any 
future collider



ZH TRIPLE HIGGS PROBES
e.g. N. Craig, C. Englert, M. McCullough 1305.5251

Recent studies	


suggest a measurement	


to O(.5)% so it doesn’t	


compete with di-Higgs	



measurement of 	


triple Higgs shifts
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Figure 12. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

[PM: Zh cross section gives an absolute floor of .1% on the possible precision]
��Zh is shown as a function of (mS ,�HS) in Fig. 12. In the regions relevant for EWBG, the

shift is at most ⇠ 0.5%. For the one-step transition (orange region) it can be as small as 0.1%.
Recent analyses show that the measurement of ��Zh can be pushed to O(0.5)% [85–87]. It is clear
that this indirect measurement has very limited potential to detect the singlet-induced electroweak
phase transition. It is very likely that the higgs self-coupling measurement described in the previous
subsection has superior sensitivity.

6 Singlet Scalar Dark Matter

We now consider the consequences of the singlet scalar S acting as a stable thermal relic.8 This is not
quite as unambiguous a consequence of EWBG as the bounds considered in Sections 4 and 5. The
hidden sector could be more complicated than just a singlet scalar without the additional components
affecting the phase transition. Indeed, we assume the presence of additional physics to generate the
CP -violation necessary for EWBG. All of this could change the singlet scalar’s cosmological history.
Nevertheless, the minimal model could well be realized, and dark matter direct detection experiments
represent a particularly exciting avenue for discovery in the relatively short term.

8A very similar computation was performed most recently in [51], showing results in the same (mS ,�HS) as is relevant
for our model. However, we repeat the calculation here for completeness, and to show how the resulting bounds overlap
with the various regions in the Nightmare Scenario’s parameter space.
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DARK MATTER! (MORE 
COMPLEX THAN NORMAL)
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Figure 12. Dark matter properties of singlet scalar S, assuming it is a stable thermal relic. Left: magenta
contours show contours of log10

⌦S
⌦CDM

. In practically all of the parameter space viable for EWBG, the singlet
scalar is a subdominant dark matter component. Right: green contours show the singlet scalar’s direct detection
cross section rescaled with relic density, log10

�
⌦S

⌦CDM ⇥ �SI
S

�
. The singlet-nucleon cross section is in units of

cm

2. The dark green shaded region is excluded by LUX [106]. The light green shaded region can be probed by
XENON1T [107].

• The singlet freezes out in the unbroken phase at temperature T h=0

f . Since the universe resides
in the singlet-VEV vacuum before the EWPT, the singlet can decay via S ! hh. This could
deplete the singlet density to values much lower than indicated in Fig. 12 (left).

• The singlet is in thermal equilibrium just before the EWPT at Tc < 22 GeV. If the singlet
becomes lighter it remains in thermal equilibrium and our above freeze-out estimate should
apply. If it becomes heavier it likely freezes out instantly.

Understanding the consequences of the second possibility would require further study, but it is clear
that dark matter relic density may be considerably reduced in the two-step region, resulting in lower
relic density and correspondingly weaker direct detection bounds than those shown in Fig. 12.

That being said, assuming these direct detection bounds (with Tf < Tc and a stable thermal
relic S) apply to our model, the Nightmare Scenario for EWBG is already excluded for mS < mh

by LUX. Interestingly, the entire EWBG-viable parameter space for both a one- and two-step phase
transition is excludable at XENON1T. This provides a much earlier discovery possibility than a 100
TeV collider or a high-energy ILC.

– 20 –



SUMMARY OF REGIONS
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Figure 14. Summary of the Nightmare Scenario’s parameter space. Gray shaded regions require non-
perturbative �S > 8 and are not under theoretical control, see Section 2.1. Red shaded region: a strong
two-step PT from tree-effects is possible for some choice of �S , see Section 3.1. Orange shaded region: a
strong one-step PT from zero-temperature loop-effects is possible, see Section 3.1.2. Gray-Blue shading in
top-right corner indicates the one-loop analysis becomes unreliable for �HS & 5(6) in the one-step (two-step)
region, demarcated with orange (red) lines, see Section 3.1.3 and 3.2.2. In the blue shaded region (demarcated
with blue lines), higgs triple coupling is modified by more than 16% compared to the SM, which can be ex-
cluded at the 2� level by a 100 TeV collider, see Section 5.1. In the green shaded region (demarcated with
dashed green lines), our simple collider analysis yields S/

p
B > 1 for VBF production of h⇤ ! SS at a 100

TeV collider, see Section 4. (In both cases assume 3 ab

�1 of data.) Note that both EWBG preferred regions are
excludable by XENON1T if S is a thermal relic, see Section 6.

[DC: obviously drafty. Any additional major points?]
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CONCLUSIONS
• EWBG provides a potential no-lose theorem for future 

colliders to test - Everything is tied to a low scale!	



• We’ve explored a “nightmare scenario” for testing the 
EWPT of EWBG and although you will NEVER see it at 
the LHC, you CAN see it with a 100 TeV pp machine!!	



• Higgs Factory not as important as 100 TeV! (at least for 
this)
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